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Fig. 1 The computational domain
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Fig. 2 The variations of the maximum absolute error & ,;(u) between the numerical results and

the theoretical solutions of basic flow velocity u in the streamwise direction
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Fig. 3 Perturbation velocity contours of the excited wave packets in the boundary layer

(the shape box is the 3D localized wall roughness)
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Fig. 4 Variations of the perturbation wave amplitude with different spanwise wave numbers
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Fig. 5 Streamwise perturbation velocity variations of the excited wave packets in the boundary layer
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Table 1 The streamwise wave number of the perturbation waves compared with the theoretical solutions

F=16 F=32 F=48 F=64 F=80 F=9 F-=112 F =128
FST 0.0128 0.0256 0.0384 0.0512 0.0640 0.076 8 0.0896 0.102 4
LST 0.0402 0.0857 0.1231 0.1563 0.1878 0.2183 0.2483 0.278 0
DNS 0.0405 0.0843 0.1210 0.1543 0.1860 0.216 8 0.2472 0.277 1

2D perturbation

waves

3D perturbation FST 0.0128 0.0256 0.0384 0.0512 0.0640 0.0768 0.0896 0.1024
waves LST 0.0398 0.0850 0.1224 0.1558 0.1873 02179 0.2480 02777
Brs = 0.025 DNS 0.0401 0.0836 0.1204 0.1537 0.1855 0.2165 0.2469 0.276 8

- OFST 2 AHZ 50 B d R i U P A /N Sl (90 1 i £
Note FST denotes the stream-wise wave number of the perturbation waves in the free stream outside the boundary layer

R2 /NLBMRAEIE ¢, S5EISRAY LR

Table 2 Phase speed C, of the perturbation waves compared with the theoretical solutions

F=1 F=32 F=48 F=64 F=80 F=9 F=112 F =128

2D perturbation LST 0.3184 02987 03119 03276 03408 03518 0.3608 0.368 3
waves DNS 0.316 0 0.3037 0.3174 03318 03441 03542 03625 0.3695

3D perturbation waves LST 03216 03012 03137 03286 03417 03527 03613 0.3687
Brs = 0.025 DNS 03192 03062 03189 03331 03450 03547 03629 0.3700
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(a) Numerical results of amplitude A5 compared with the results from the " method



i i ¥ Fifi & i) IS % i 1215
0.008
0.004
-a, r
o
........... F=64
— — F=%0
o F=64
-0.004} o  F=80
100 200 300 400 500 600

(b) B (- ;) RYBERSBIEAR (LST) LR
(b) Numerical results of growth rate — a; compared with the results form the linear stability theory
B 7 /NSl e 0 (R A 1) 484 3 U 1] U 7 P A e 5 R LR
Fig. 7 Numerical results of streamwise variations of the amplitude and the streamwise growth rate

of the excited perturbation waves compared with the theoretical results
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Fig. 8 Numerical results of the normal variations of the amplitudes and phases of the excited 2D

perturbation waves compared with the theoretical results (F = 64, x = 150)
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Fig. 9 Numerical results of the normal variations of the amplitude and phase of the excited 3D perturbation waves

compared with the theoretical results (¥ = 64, B, = 0.025, x = 150)
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Table 3  Initial amplitude A of the 2D and 3D unsteady waves

2D T-S waves 3D T-S waves (Brg = 0.025)
F
48 64 80 48 64 80
A 3.748 6E-6  3.656 8E-6  2.270 9E-6 5.398 0E-6  5.265 8E-6  3.270 1E-6
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Fig. 10 The variations of initial amplitude A gy of the excited T-S waves in the boundary layer
with the free-stream turbulence intensity A pgp
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Fig. 11 The variations of initial amplitude Ay of the excited T-S waves in the boundary layer
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Numerical Study of Unstable T-S Waves Excited by
Interaction Between Free-Stream Turbulence and 3D
Localized Wall Roughness in Flat-Plate Boundary Layer

SHEN Lu-yu, LU Chang-gen, ZHU Xiao-qing
(School of Marine Sciences, Nanjing University of Information Science &
Technology , Nanjing 210044, P.R.China)

Abstract: The direct numerical simulation ( DNS) method was adopted to study the physical
problem of unstable Tollmien-Schlichting ( T-S) waves in the flat-plate boundary layer under the
interaction between free-stream turbulence and 3D localized wall roughness. The numerical re-
sults show that the spatial arrays of the wave packets composed of 2D and 3D T-S waves form
in the flat-plate boundary layer, with the propagation speeds of the wave packets calculated.
Then it is proved that the interaction between the free-stream turbulence and the 3D localized
wall roughness makes the mechanism for excitation of unstable T-S waves in the flat-plate
boundary layer. Subsequently, the relations between the initial 2D & 3D T-S wave amplitudes
and the free-stream turbulence intensity, the roughness length, the roughness width and the
roughness height, were built. The in-depth research of this problem is conducive to understand-

ing of the hydrodynamic stability theory.

Key words: unstable Tollmien-Schlichting wave; 3D localized wall roughness; free-stream tur-
bulence; boundary layer
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